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Abstract The extent of the Amazon rainforest is projected
to drastically decrease in future decades because of land-use
changes. Previous climate modelling studies have found that
the biogeophysical effects of future Amazonian deforesta-
tion will likely increase surface temperatures and reduce
precipitation locally. However, the magnitude of these
changes and the potential existence of tipping points in the
underlying relationships is still highly uncertain. Using a
regional climate model at a resolution of about 50 km over
the South American continent, we perform four ERA-
interim-driven simulations with prescribed land cover maps
corresponding to present-day vegetation, two deforestation
scenarios for the twenty-first century, and a totally-defor-
ested Amazon case. In response to projected land cover
changes for 2100, we find an annual mean surface temper-
ature increase of 0:5 C over the Amazonian region and an
annual mean decrease in rainfall of 0.17 mm/day compared
to present-day conditions. These estimates reach 0:8 C and
0.22 mm/day in the total-deforestation case. We also com-
pare our results to those from 28 previous (regional and
global) climate modelling experiments. We show that the
historical development of climate models did not modify the
median estimate of the Amazonian climate sensitivity to
deforestation, but led to a reduction of its uncertainty. Our
results suggest that the biogeophysical effects of deforesta-
tion alone are unlikely to lead to a tipping point in the
evolution of the regional climate under present-day climate
conditions. However, the conducted synthesis of the litera-
ture reveals that this behaviour may be model-dependent,
and the greenhouse gas-induced climate forcing and bio-
geochemical feedbacks should also be taken into account to
fully assess the future climate of this region.
Keywords Land-use and land-cover changes 
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1 Introduction
Recent international environmental summits have recog-
nized the importance of forests in acting as a carbon sink for
the climate system, and therefore advocated international
efforts to curb deforestation (UNFCCC, 15th Conference of
the Parties 2009). However, replacement of forests by
agricultural land or urban environments has other climatic
consequences. Deforestation indeed perturbs not only
the carbon fluxes, but also the energy and water fluxes
between forests and the atmosphere, because it modifies the
physical characteristics of the land surface, such as its
albedo, evapotranspiration, and roughness (Bonan 2008).
Pongratz et al. (2010) and de Noblet-Ducoudre´ et al. (2012)
have shown that for historical land-use and land-cover
changes (LULCC), these biogeophysical climatic impacts
could have been regionally as strong or even stronger than
the biogeochemical ones (i.e. those related to the associated
carbon emissions to the atmosphere).
Thus, biogeophysical effects have to be taken into
account in order to fully assess future climate changes,
especially in regions where anthropogenic modifications of
land cover are expected to be large in the future. Amazonia
is one of them: Deforestation has intensely taken place
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there since the 1970s (Fearnside 2005), with a gross
deforestation rate as high as  25;000 km2 y1 in the
1990s (Achard et al. 2002); the forest is now still shrinking,
and the pressure for more agricultural land is likely to
continue. Observations show that in Amazonia, pastures
have a higher albedo than forests, but lower roughness
lengths and evapotranspiration rates (Jipp et al. 1998; von
Randow et al. 2004). Consequently, while the deforesta-
tion-induced increase in albedo tends to cool the surface by
decreasing net solar radiation amount, the decreases in
evapotranspiration and roughness length have a warming
effect. Less evapotranspiration indeed means a lower latent
heat flux, which is compensated by a higher sensible heat
flux and tends to increase near-surface temperature.
Additionally, a lower roughness length leads to a reduced
turbulent transport of heat to the atmosphere, hence to heat
accumulation close to the surface. In spite of these opposite
effects, modelling studies overall agree that deforestation
in Amazonia locally leads to temperature increases, even if
the spread between models is large (d’Almeida et al. 2007).
In the same way, a decrease in precipitation over the
Amazonian basin was generally modelled in response to
local deforestation. A first explanation for this result is that
the local input of water to the atmosphere through evapo-
transpiration is lowered, which reduces precipitation
recycling within the Amazonian basin (Eltahir and Bras
1993). Besides, some modelling studies found that atmo-
spheric moisture input in the basin would be reduced due to
deforestation, thereby amplifying the diminution of pre-
cipitation. However, this response of large-scale circulation
and its impact on moisture convergence is debated in the
literature (Marengo 2006).
The first modelling studies investigating the biogeo-
physical impacts of future Amazonian deforestation used
Global Circulation models (GCMs) with relatively coarse
resolutions (from 1.8 to 7.5, e.g. Dickinson and Hender-
son-Sellers 1988; Lean and Warrilow 1989; Nobre et al.
1991). They performed similar idealised experiments in
which they replaced the Amazonian forest by grassland,
but the spread in the magnitude of the simulated climate
impacts is high. Many studies were realised by the same
modelling centers, which successively published follow-up
studies in which they used the same model but imple-
menting revised parameterisations and/or increased reso-
lution, in order to improve the representation of both
current and post-deforestation climates.
In the late 2000s, similar modelling studies using
mesoscale-resolution regional climate models (RCMs)
ð 0:20:5 Þ have been published (e.g. Moore et al. 2007;
Ramos da Silva et al. 2008; Walker et al. 2009). Their
higher resolution presents several advantages. Firstly, the
spatial variability of climate conditions is better represented
than in large grid cells. Secondly, it allows to resolve
explicitly some of the biggest mesoscale phenomena that
bring an important part of precipitation over this region
(Greco et al. 1990), which is not well assessed by the pa-
rameterisation schemes of lower-resolution GCMs (Dai
2006). Lastly, increased resolution makes the implementa-
tion of more complex and more finely-resolved land cover
maps as surface conditions possible. These represent real-
istic scenarios of future land covers based on the current
land settlement and on various economic assumptions.
However, because of the increase in computational demand,
the RCM experiments conducted by Moore et al. (2007),
Ramos da Silva et al. (2008) and Walker et al. (2009) were
limited to 2 months or 1 year, and may thus be affected by
spin-up effects. Those three studies provided a limited
estimation of interannual variability, in running each
experiment several times but forced by boundary conditions
corresponding to observations from four or five different
years. Besides, they used a domain restricted to the Ama-
zonian region, and forced by lateral boundary conditions
based on current observations. Hence, noticing that RCM
studies generally simulated a smaller response of precipi-
tation to deforestation, Medvigy et al. (2011) questioned the
ability of RCMs to fully assess the climate response to
future LULCC over Amazonia, because they might miss
feedbacks involving non-local, atmospheric or oceanic
processes. Even if no systematic comparison of GCMs and
RCMs has been carried out to confirm this conjecture, the
latter are by design more suitable to finely investigate the
local to regional changes in surface fluxes and their impacts
on climate, than to study the whole climate response to
deforestation.
In the 2000s, several studies also started to investigate
whether the deforestation-induced evolution in climate
conditions over Amazonia would exhibit nonlinear effects.
In spite of ongoing deforestation, observations indeed do
not provide clear evidence for a decrease in precipitation
yet (d’Almeida et al. 2007). However, it has sometimes
been suggested that beyond a certain threshold, the lower
evapotranspiration rates of grassland would lead to a major
decrease in precipitation recycling, which could consider-
ably weaken the hydrological cycle in this region
(d’Almeida et al. 2007; Avissar et al. 2002). Following this
hypothesis, a tipping point could then be reached, after
which a dramatic and strongly nonlinear decrease of pre-
cipitation would lead to permanent drier conditions and
potentially to perturbations of the local ecosystems.
Here we use an RCM to assess the biogeophysical
effects of possible scenarios of LULCC on the South
American climate. To investigate possible tipping points
and the linearity of these changes, we prescribe different
levels of Amazonian deforestation corresponding to the
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current vegetation distribution, two scenarios for the
twenty-first century, and a total deforestation case. We aim
to reduce the above-mentioned limitations of previous
RCM studies by running our simulations over a multi-
decadal period, and for a simulation domain encompassing
the whole South America. Besides, since the good repre-
sentation of land surface processes and their feedbacks
with the atmosphere is an important requirement for an
accurate representation of climate (Bonan 2008; Koster
et al. 2010; Seneviratne et al. 2010; Davin et al. 2011), we
use a state-of-the-art Land Surface Model (LSM). To
assess uncertainties about the modelled regional climate
response to Amazonian deforestation, we then compare our
results to previously published similar RCM and GCM
experiments. We also investigate whether more recent
studies using latest model versions tend to reach a con-
sensus on the magnitude of the mean deforestation-driven
climate changes for the Amazonian region.
Our methodology is described more extensively in
Sect. 2. In Sect. 3, we evaluate the ability of the employed
model to represent the current climate over South America,
and present the results of our simulations. In Sect. 4, we
finally conduct a comparative analysis of over 25 similar
deforestation experiments from the literature and describe
its results.
2 Methods and data
2.1 Model description
We use the climate model COSMO-CLM2 (Davin et al.
2011; Davin and Seneviratne 2012), which consists of the
atmospheric component of the COSMO-CLM RCM (ver-
sion COSMO4.8-CLM11) coupled to the version 3.5 of the
Community Land Model (CLM3.5) for the simulation of
land surface processes.
The COSMO-CLM RCM is widely used for climate
studies and for weather forecasting purposes; an extensive
description of the model is available at http://www.clm-
community.eu. In this study, we use 32 vertical layers to
represent the 23 first kilometers of the atmosphere, with a
higher density of levels next to the surface. Vertical tur-
bulent mixing is parameterised according to a level 2.5
closure using Turbulent Kinetic Energy as a prognostic
variable (Mellor and Yamada 1974, 1982). We use the
mass flux scheme of Tiedtke (1989) for parameterisation of
subgrid moist convection and a four-category 1-moment
cloud-ice scheme including cloud water and rainwater,
snow and ice for large-scale precipitation.
CLM3.5 is a state-of-the-art third-generation LSM. It
uses 10 vertical levels to model areas covered by both soils
(up to a depth of 3.5 m) and lakes. This model can
represent five subgrid land cover types: vegetation, lake,
glacier, wetland and urban area, each one occupying a
determined fraction of each grid cell. The portion covered
by vegetation is further divided into fractions of each Plant
Functional Type (PFT). Each PFT represents a particular
plant type, defined in the model by various optical, mor-
phological and physiological parameters and is a separate
column for energy and water calculations. Over Amazonia,
the most abundant PFTs are broadleaf evergreen tropical
tree, broadleaf deciduous tropical tree, grasses (C3 and
C4), and crops.
CLM3.5 has been evaluated at the global scale by
Oleson et al. (2008), and in the context of COSMO-CLM2
by Davin et al. (2011), Davin and Seneviratne (2012) and
Lorenz et al. (2012). Over South America, CLM3.5 showed
a good representation of hydrological processes in com-
parison to other land surface models, for example in sim-
ulating the water table depth in Amazonia (Fan and
Miguez-Macho 2010). However, it still exhibits some
biases, for example an overestimated latent heat flux
compared to observations (Lawrence et al. 2011). It has
also been reported that ground evaporation in CLM3 and
CLM3.5 tends to overly compensate changes in plant
transpiration when leaf area index diminishes (Lawrence
and Chase 2007; Lorenz et al. 2013), which may lead to a
lower sensitivity of evapotranspiration to deforestation
than in reality.
2.2 Description of the experiments
All simulations were performed over the domain used for
the Coordinated Regional climate Downscaling EXperi-
ment (CORDEX) intercomparison (Fig. 1a), which covers
the whole of South America with a horizontal resolution of
0.44 (Solman et al. 2013). Each simulation was run over
the time period 1979–2010 with a time step of 150 s, the
first 8 years being used as spinup time, while the next
24 years were analysed in this study. For both atmospheric
lateral boundary conditions and sea surface temperatures,
we used the ERA-Interim reanalysis (Dee et al. 2011). The
greenhouse gas concentrations were prescribed to those
observed during the period covered by the reanalysis data,
while a seasonal cycle of aerosols was also prescribed.
We performed four simulations with COSMO-CLM2,
differing only in terms of their vegetation characteristics,
as summarized in Table 1. The vegetation map of the
control simulation (CTL) is the standard vegetation map of
CLM3.5 (Lawrence and Chase 2007). It is primarily based
on a separation of land cover types between bare soil,
forested, and herbaceous areas following MODIS satellite
data from 2001 (Hansen et al. 2003), while the crop frac-
tion is adapted from Ramankutty and Foley (1999). The
DEF_A2 experiment was conducted using a land cover
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map for the year 2100, developed by the IMAGE 2.2 land-
use change model (IMAGE team 2001), following the A2
storyline (Nakicenovic et al. 2000). Due to the assumptions
of strong population growth and of regionalization of the
future world economy, it predicts high deforestation rates
in the tropics. Another experiment is forced by a land cover
map which reflects an intermediate level of these
modifications. This latter experiment is hereafter referred
to as DEF_50%, as it was obtained by linear interpolation,
halfway between the percentages of each PFT in the con-
trol and the DEF_A2 case, for each grid cell. A last
experiment (DEF_TOT) was conducted with a land cover
map in which percentages of all types of trees were set up
to 0, for each grid cell within -20 S to 20 N, and 80 to
Table 1 Characteristics of the vegetation maps in the different experiments: state of the land cover they represent, source of the data of
vegetation cover or method to obtain them, and fraction of grid cells occupied by grasslands, croplands and trees
Simulation CTL DEF_50% DEF_A2 DEF_TOT





2100 vegetation map according to the
A2 scenario (Nakicenovic et al.
2000)
total deforestation in tropical
South America





between the two other
maps
IMAGE model (IMAGE team 2001) Suppression of trees and linear
extrapolation for other PFTs
Fraction of grid cells
occupied by
grasslands
30 % 21 % 11 % 11 %
Fraction of grid cells
occupied by croplands
3 % 35 % 66 % 89 %
Fraction of grid cells
occupied by trees
65 % 44 % 22 % 0
Given percentages are averages over the Amazonian region, which is defined as follows: from 14 S to 2 N, and from 72  to 45 W, here and




Fig. 1 a Map showing the
domain used for the simulation
(black line), the area used for
averaging over the Amazonian
region (red line) and the transect
used for the cross-sections
shown on Fig. 5 (blue line).
Colours show the cumulated
percentage of trees in each grid
cell in the control simulation. b,
c and d Zooms on the
Amazonian basin showing the
cumulated percentages of trees
in the DEF_50% (b), DEF_A2
(c) and DEF_TOT
(d) experiments
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40 W (i.e. tropical South America, roughly). The per-
centages of other PFTs were defined by extrapolation of the
linear trend between the control and DEF_A2 scenarios in
each grid cell, so that for all PFTs (trees included), the rate
of change between the DEF_A2 and DEF_TOT maps was
the same as between the control and DEF_A2 scenarios.
These three maps hence describe a ‘‘linear evolution’’ of
deforestation, which enables us to study possible nonlinear
effects of deforestation on climate.
For each simulation, the average amounts of trees,
grasslands and crops in the Amazonian region
(14 S-2 N; 72-45 W, see red box in Fig. 1a) are given in
Table 1. Figure 1 shows the cumulated percentages of the
8 PFTs belonging to the tree class, for each of the four
experiments. We only show a zoom over Amazonia for the
DEF_50%, DEF_A2 and DEF_TOT experiments, as this is
where the most important LULCC occur.
3 Results
3.1 Model evaluation
We evaluate the ability of COSMO-CLM2 to represent
current climate by comparing the simulated 2-m tempera-
ture and precipitation fields in the control simulation with
observations from the CRU dataset (Mitchell and Jones
2005) over the 1987–1995 period (Fig. 2). Biases in 2-m
temperature are limited over Amazonia; however there is a
substantial cold bias over the Andes (1–4 C), while surface
temperature is partially overestimated by 1–3 C on a
roughly North-South strip stretching from the Guianas to
Northern Patagonia. This bias reaches a maximum in
September, October and November (SON, not shown). It is
likely linked to an important underestimation of precipi-
tation amounts east of the Andes chain, and is highest over
the Guianas, the mouth of the Amazon river and the
foothills of the Andes where it can locally reach 5 mm/day
(Fig. 2b). This means that almost all precipitation is sup-
pressed in these regions, which likely influences the sen-
sitivity of the simulated climate to deforestation. This quite
important bias is not an isolated problem, as most of the
climate models evaluated in the framework of the IPCC 4th
and 5th assessment reports exhibited the same tendency to
underestimate rainfall over this region (Joetzer et al. 2013;
Yin et al. 2013; Randall et al. 2007). Interestingly,
COSMO-CLM2 presents biases of similar magnitude and
over the same regions as the mean of an ensemble of recent
versions of 7 RCMs run over the same domain, with the
same resolution and also forced with ERA-Interim
reanalysis data (cf. Solman et al. 2013). Hence, the
deforestation experiments presented in this study were
conducted with a model presenting the average perfor-
mance and biases of state-of-the-art RCMs. Even if the
characteristic rainfall features of South America, like the
maxima over Amazonia, the Intertropical Convergence
Zone and the South Atlantic Convergence Zone are cor-
rectly captured by the model (not shown), the shortcomings
of the model should be kept in mind while analysing the
results of our simulations.
(a) (b)
Fig. 2 Differences in annual mean 2-m temperature (a, in C) and precipitation (b, in mm/day) between the control simulation and observations
(CRU), for the period 1987–1995





Fig. 3 Deforestation-induced annual mean anomalies in 2-m tem-
perature (a, c, e, in C) and precipitation (b, d, f, in mm/day) in the
DEF_50% (a, b), DEF_A2 (c, d) and DEF_TOT (e, f) simulations
compared to CTL, for the period 1987–2010. Changes that are
different from 0 at the 5 % significance level after evaluation with a
two-tailed t test are marked by stippling
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3.2 Regional effects of deforestation on surface fluxes,
circulation, surface temperature and precipitation
3.2.1 Evolution of surface temperature with deforestation
and its link to surface energy fluxes
The changes in annual mean 2-m temperature in the
deforestation experiments compared to CTL (Fig. 3a, c and
e) indicate a warming over deforested areas, which matches
well the deforestation pattern (see Fig. 1). The average
increase in 2-m temperature over the Amazonian region
increases with the extent of deforestation, reaching 0:29 C
in DEF_50%, 0:53 C in DEF_A2 and 0:78 C in DEF_TOT
(Table 2). In DEF_A2, the warming becomes statistically
significant at the 5 % level over extensive areas. This
evolution scales well with the amount of deforestation, i.e.
changes in surface temperature are proportional to changes
in the area covered by trees (Table 2). This, as well as the
good match between the pattern of the warming and that of
deforestation, indicates that the surface temperature
response is determined by changes in surface properties.
Among these properties, the albedo, the emissivity, the root
depth, the leaf area index and the roughness length of the
vegetation, are all modified through the prescribed extent
of deforestation.
The albedo increases linearly with the amount of trees
that is replaced by crops and grasslands (Table 2). Cloud
feedbacks modify incoming shortwave radiation by no
more than 1 W/m2 (0.5 %), while their impact on incom-
ing longwave radiation is close to scale with the prescribed
amount of deforestation in our simulations (Table 2). This
is also the case for outgoing longwave radiation, which is
modified by changes in ground temperature and in emis-
sivity. Consequently, changes in net radiation (both short-
wave and longwave) also closely follow such a linear
evolution on average over the Amazonian basin. We find
that this decrease in net incoming radiation almost exclu-
sively translates into a linear diminution of the latent heat
flux on both regional (Table 2) and local scales (not
shown), while the sensible heat flux is modified by less
than 0.5 W/m2 (1.6 %). This decrease of the latent heat
flux results firstly from the reduction in vegetation cover,
which diminishes both interception and transpiration.
Secondly, due to reduced precipitation amounts, the soil
moisture content decreases, which means that less water is
available for evapotranspiration. Thirdly, grasses have
shallower roots than trees, and can therefore not access
water stored deeply. Overall, the effect of the decrease in
latent heat flux dominates over that of the albedo increase,
hence leading to the simulated warming, consistently with
most previous studies (e.g. Davin and Noblet-Ducoudre´
2010 and other studies reported in Table 3). The good
scaling of variations in surface energy fluxes with the
prescribed amount of deforestation results in the fact that,
in our simulations, 2-m air temperature is also proportional
to the extent of deforestation. This is not a self-evident
result, as physical processes relating surface temperature
and energy fluxes are not expected to be all linear.
The analysis of the mean seasonal cycle of 2-m tem-
perature over the Amazon region confirms the close link
between surface energy fluxes, in particular the latent heat
flux, and air surface temperature. Figure 4a indeed reveals
that the surface warming occurs all year round, but also
that the maximum anomalies occur at the end of the dry
season, i.e. the time of the year when soil moisture levels
are at their lowest point. Von Randow et al. (2004)
observed that, during the dry season, evapotranspiration is
sustained in forested areas but not over pastures, because
trees have deeper roots than grasses, which enable them to
access water stored more deeply. This behaviour is cap-
tured by the model, the deforestation-induced decrease in
evapotranspiration being largest at the end of the dry sea-
son (not shown). These interactions between land surface
processes and the hydrological cycle explain the amplifi-
cation of the warming at that time of the year.
In addition to the local effect of the surface energy
budget, surface temperature is also affected by the circu-
lation of warm or cold air masses. However, the fact that
changes in surface temperature scale with the extent of
Table 2 Average values over the Amazonian region for several cli-
matic variables (left column), and their corresponding changes in
deforestation experiments
CTL DEF_50% DEF_A2 DEF_TOT
Trees 100 % 66 % 33 % 0
T2m 26.42 ?0.29 ?0.53 ?0.78
albedo 0.145 ?0.011 ?0.022 ?0.034
SW down 189.6 -0.6 -0.3 ?1.0
SW up 27.5 ?2.0 ?4.1 ?6.7
LW down 410.1 ?1.1 ?2.1 ?2.8
LW up 456.1 ?2.8 ?5.4 ?7.9
Rn 116.1 -4.2 -7.7 -10.8
LH 83.9 -3.9 -7.6 -11.5
SH 30.6 ?0.5 -0.4 ?0.14
P 4.15 -0.11 -0.17 -0.22
E 2.9 -0.13 -0.26 -0.4
P–E 1.25 ?0.02 ?0.09 ?0.18
From top to bottom: percentage of trees compared to CTL, 2-m
temperature, albedo, downward and upward shortwave radiation at
the surface, downward and upward longwave radiation at the surface,
net radiation at the surface, latent heat flux, sensible heat flux, pre-
cipitation, evapotranspiration and precipitation minus evapotranspi-
ration. Temperature is given in C, energy fluxes in W/m2, and water
fluxes in mm/day
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deforestation, as well as the good match between the pat-
terns of deforestation and the resulting warming, indicate
that changes in surface temperature are mostly driven by
local effects. Nevertheless, part of the effect of deforesta-
tion-induced circulation changes on air temperature may be
missing in our simulations, since we used an RCM with
prescribed boundary conditions.
3.2.2 Evolution of precipitation with deforestation
On average over the Amazonian region, deforestation leads
to a decrease in annual mean precipitation, although there
are regional differences (Fig. 3b, d, f). On the one hand,
west of the 55 W meridian, the Amazon basin is domi-
nated by a decrease in annual mean precipitation in
(a) (b)
Fig. 4 Mean Seasonal Cycles
of 2-m temperature (a, in C)
and of precipitation (b, in mm/
day) averaged over the
Amazonian region, for the CTL,
DEF_50%, DEF_A2 and
DEF_TOT simulations
Fig. 5 Longitudinal cross-
sections showing annual mean
changes in several variables in
the DEF_TOT simulation
compared to CTL, along the
transect drawn on Fig. 1. Values
are averaged latitudinally over a
12-wide band. Upper panel
changes in vertical (filled
contours) and zonal wind
velocities (contour lines) with
altitude. Contour lines are
drawn every 0.1 m/s, and
dashed lines indicate an
increase in mean wind speed in
the westward direction. 2nd, 3rd
and 4th panels: mean changes in
precipitation (P),
evapotranspiration (E) and in
precipitation minus
evapotranspiration (P-E), in
mm/day. 5th panel: changes in
the sum of latent and sensible
heat fluxes, in W/m2. Lower
panel: absolute amount of trees
in CTL, in % of the grid cells
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response to deforestation. On the other hand, the eastern
edge of the rainforest and the Guianas experience a slight
increase in precipitation, although deforestation also occurs
there. Anomalies are statistically significant for specific
seasons, particularly in DJF (not shown). This dipole pat-
tern is found for all deforestation experiments, and
increases with the extent of deforestation, which suggests
that this is not due to random noise (Fig. 3).
The mean seasonal cycle of precipitation in Fig. 4b
shows that the most important decrease in precipitation
occurs in the middle of the dry season, because this is the
season when evapotranspiration is most reduced (June,
July, August and September). Although the simulated
reduction in annual mean rainfall remains small, these
seasonal differences in the climate changes induced by
deforestation, especially the higher impact during the dry
season, are of importance for local ecosystems. It was
indeed observed that they experienced lasting negative
effects after the extremely severe dry seasons of years 2005
and 2010 (Samanta et al. 2010; Xu et al. 2011).
(a) (b)Fig. 6 Atmospheric moisture
transport at 850 hPa in CTL (a),
and difference between
DEF_TOT and CTL (b). Vector
scale (upper-right corner of the
maps) is 0.1 (kg H2O/kg air) (m/
s) for (a), and 0.01 (kg H2O/kg





Fig. 7 Changes in annual mean
surface temperature (a),
precipitation (b), evaporation
(c), and P–E (d) against
percentage of deforestation, as
simulated in this study and
previous ones. Big light blue
dots represent the results from
the ‘‘oldest’’ GCM studies, and
small dark blue ones those from
the ‘‘newest’’ GCM studies (see
Table 3). Small markers stand
for the results from our study
(black) or from two other series
of RCM experiments (red,
surface temperature changes are
only available for one study, see
Table 4). The 0 % level of
deforestation refers to present-
day land cover (complete
methodology is available in the
Online Resource). The vertical
bars show the range between
the first and ninth deciles for the
‘‘oldest’’ (light blue bar) and the
‘‘newest’’ studies (black blue
bar). The horizontal black lines
inside each bar indicate the
median for each category of
models, while the numbers
above or below the bars indicate
how many models are included
in each category
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The average diminution in mean precipitation over the
Amazonian region becomes more important as deforesta-
tion progresses (Figs. 3, 4). These changes correspond to
decreases of 2.7, 4.1 and 5.3 % of mean precipitation. It is
interesting to note that the mean rainfall change in
DEF_50% corresponds to half of that in DEF_TOT,
although the amount of deforestation is three times lower.
Thus, in our simulations the mean precipitation decrease
curbs as deforestation progresses without reaching a tip-
ping point, i.e a threshold after which it would drastically
decrease in a strongly nonlinear way. To explain this result,
we can separate the different contributions to precipitation
within the Amazonian region into the local water input to
the atmosphere through evapotranspiration, and the atmo-
spheric moisture convergence into the region. We assume
here that the atmospheric moisture content remains con-
stant in all experiments, which is equivalent to considering
that moisture convergence equals the difference between
precipitation and evapotranspiration (hereafter referred to
as P–E). This assumption is often made for climatic
timescales, and we indeed found that changes in P–E and
atmospheric moisture convergence are very similar. As
discussed in the previous section, average changes in
evapotranspiration within the Amazonian basin are pro-
portional to the amount of deforestation. However, this is
not the case for changes in P–E, as it increases by 1.6 % in
DEF_50%, 7.2 % in DEF_A2 and 14.4 % in DEF_TOT
compared to CTL. This nonlinear evolution explains the
tendency of the mean precipitation decrease to slightly curb
as deforestation progresses.
3.2.3 Mechanisms underlying the regional variations
in the precipitation response
Figure 5 displays a cross-section showing the changes in
the annual mean of several variables in DEF_TOT com-
pared to CTL, along a West-East transect across the
Amazonian basin (shown in blue on Fig. 1a). The other
deforestation experiments exhibit similar changes qualita-
tively, but of lower magnitude (not shown). The main
feature we aim to understand in this section is the East-
West dipole pattern characterising the change in precipi-
tation (2nd panel). The spatial pattern of changes in
evapotranspiration (3rd panel) reflects relatively well the
local deforestation rates (lower panel). Besides, over this
same area the trees that are removed in the deforestation
simulations mostly belong to the PFT broadleaf evergreen
tropical tree, whose transpiration rates are similar to those
of grasslands, contrary to the western part of the transect
where most of the trees belong to the PFT broadleaf
deciduous tropical tree, for which transpiration rates are
higher. Amazonia has been shown to be a region of major
precipitation recycling (e.g. van der Ent et al. 2010), where
water is made available for precipitation locally and
downwind through sustained evapotranspiration rates. In
the western part of the Amazonian region, this mechanism
is dampened because of the reduction in evapotranspira-
tion. As moisture is mostly transported westward by
westerlies over Amazonia (Fig. 6a), this drives the
decrease in precipitation over the western part of the
transect.
Unlike evapotranspiration, P-E increases over the
deforested region (4th panel), which is related to changes
in the atmospheric circulation. Deforestation induces a
decrease in roughness length due to the replacement of
trees by short vegetation. This reduces surface friction, and
leads to an increase in wind speed in the lower atmosphere
(upper panel in Fig. 5). Hence, the moisture transport from
the ocean to the Amazonian region is increased by defor-
estation in our experiments (Fig. 6b).
We find that vertical velocity is decreased over the
western part of the transect in our deforestation experi-
ments (upper panel in Fig. 5), which indicates that defor-
estation induces subsidence over this region. This is mainly
related to changes in surface heat fluxes: Over deforested
areas, the albedo-induced decrease in surface net radiation
lowers the overall amount of energy transmitted into the
atmosphere. This means that less energy is available for
convection, following the mechanism described by Eltahir
(1996). However, this diminution of net radiation is max-
imal west of the 55 W meridian, whereas east of 50 W
changes are roughly zero (5th panel in Fig. 5). Conse-
quently, large-scale subsidence occurs over the western
part of the transect. The surplus of moisture transport
induced by the reduced surface friction is then mostly
contributing to the increase in precipitation east of
 55 W, while its transport further west is dampened by
the subsiding motion (as shown by the reduced horizontal
wind velocities from  2 to 6 km over the eastern part of
the transect). This results in the creation of the dipole
pattern. Furthermore, the peak in the rainfall increase (at
 53 W) coincides with a local diminution of the sensible
heat flux (not shown), which is due to the albedo-driven
decrease in net radiation, while the latent heat flux remains
almost constant. Interestingly, in their two-month simula-
tions of both partial and total deforestation, Ramos da Silva
et al. (2008) observed a similar dipole pattern in the
response of precipitation to deforestation, which was due to
similar mechanisms.
To sum up, the spatial variations in the response of
precipitation to deforestation are determined by both local
effects (surface energy and water fluxes) and changes in
regional atmospheric circulation. We, however, acknowl-
edge that the use of an RCM may dampen possible circu-
lation changes at large scale due to the prescribed lateral
boundary conditions. This may in particular affect the
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changes in large-scale subsidence or convection which
determine the simulated dipole pattern of precipitation.
Since the response of moisture convergence also induces
some non-linearity in the evolution of mean precipitation
with deforestation in our experiments, it is hence interest-
ing to compare our results to those of other similar previ-
ously published studies, using both RCMs or GCMs.
4 Comparison with earlier modelling studies
Our modelling results are compared here with results from
28 previously published deforestation experiments. Of these,
23 were performed with GCMs and are listed in Table 3,
while the five others were conducted with RCMs and are
listed in Table 4. In all studies the control simulation rep-
resents the current vegetation state, and the domain used for
the computation of the reported average values covers an
area whose size is comparable to that of the Amazonian
rainforest, and which is centred over the deforested area.
Furthermore, all experiments were conducted during at least
1 year, and with greenhouse gas concentrations fixed to
present-day values. We compare the annual mean changes in
surface temperature and precipitation obtained in these
experiments against the percentage of deforestation they
assumed in the Amazonian region (Fig. 7, see the Online
Resource for a detailed description of the methodology).
These numerous reported experiments differ in many
aspects, which are thus likely to induce spread between the
obtained results. They were conducted with different
models, employing different resolutions, different surface
schemes, different simulation lengths, different represen-
tations of the land cover, etc. Their range of responses can
thus be used to assess the current uncertainty in the
regional climate response to deforestation, and whether
some types of models exhibit a systematic tendency in their
results (e.g. RCMs compared to GCMs, or latest model
versions against older ones).
4.1 Uncertainties in the effect of total deforestation
and the influence of GCM development
Most of the GCM studies reported on Fig. 7 (blue dots on
the right of each graph) agree that complete deforestation
over Amazonia would induce an increase in surface tem-
perature ðmedian ¼ 1:3CÞ and a decrease in precipitation
(median = -0.74 mm/day) regionally (Fig. 7a, b), even if
there is an important spread within the simulated changes.
To assess whether the historical development of climate
modelling has led to a change in the mean or the spread of
the estimated regional changes, we differentiate between
the 12 ‘‘newest’’ and the 11 ‘‘oldest’’ GCM studies con-
sidered here. This separation is partly based on the
publication date, but because five groups of studies have
been performed with different versions of the same models,
we retained only the experiments which employed the
latest version of these models among the ‘‘newest’’ studies
(see Table 3 for the exact listing for each category).
For surface temperature, a non-parametric Wilcoxon test
gives us 90 % confidence that the medians of the estimates
for the ‘‘newest’’ and ‘‘oldest’’ studies are not statistically
different. The spread between the estimates of the ‘‘new-
est’’ studies is smaller than between those of the ‘‘oldest’’
studies, as highlighted by the range between the first and
ninth deciles of each category (3:1C for the oldest studies,
1:8C for the newest) and confirmed by a Student’s t test
and a non-parametric Wilcoxon test (Fig. S1 of the Online
Resource). We note that this conclusion does not hold if we
only consider the criterion of the publication date (see Fig.
S1 of the Online Resource). However, the two GCM
studies simulating the strongest increases in surface tem-
perature (Polcher and Laval 1994a; Dickinson and Hen-
derson-Sellers 1988), as well as two of the three studies
simulating the strongest decreases (Manzi and Planton
1996; Voldoire and Royer 2004), have been followed by
studies giving results closer to the median of all GCMs
after inclusion of model improvements in the newest ver-
sion of the respective GCMs (Polcher and Laval 1994b;
Hahmann and Dickinson 1997; Voldoire and Royer 2005).
Regarding precipitation, a non-parametric Wilcoxon test
reveals that the medians of the estimates for the ‘‘newest’’
and ‘‘oldest’’ studies are also not statistically different
(p value = 0.88). The spread between the first and the ninth
deciles is lower for the ‘‘newest’’ (1.1 mm/day) than for the
‘‘oldest’’ studies (1.6 mm/day). These conclusions are
confirmed by a Student’s t test and a Wilcoxon test, and
still hold if we only consider the criterion of the publication
date (see Fig. S1 of the Online Resource). Furthermore, the
only study simulating an increase in precipitation (Polcher
and Laval 1994a), the two studies simulating the weakest
decreases (Dickinson and Henderson-Sellers 1988; Manzi
1993), as well as four out of the six studies simulating the
most extreme decreases in rainfall (Nobre et al. 1991;
Henderson-Sellers et al. 1993; Dickinson and Kennedy
1992; Lean and Warrilow 1989) have been followed by
studies using improved model versions and giving results
closer to the model median (Polcher and Laval 1994b;
Hahmann and Dickinson 1997; Voldoire and Royer 2005;
Lean and Rowntree 1997).
This reduction in the spread of estimated temperature and
precipitation changes can be partly related to a small
reduction in the spread of the simulated changes in evapo-
transpiration (0.93 mm/day for the ‘‘newest’’ studies, against
1.05 mm/day for the ‘‘oldest’’ ones, see also Fig. 7c). There
is strong agreement among the reported GCM studies that
deforestation will entail a reduction in evapotranspiration,
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with a median decrease of  0.6 mm/day for both ‘‘oldest’’
and ‘‘newest’’ studies. Even more striking is the reduction in
the spread of the changes in moisture convergence, which is
more than three times more important (from 1.25 for the
‘‘oldest’’ studies to 0.82 mm/day for the ‘‘newest’’ ones, see
also Fig. 7d). The better agreement in the newest GCMs
concerning the magnitude of the mean precipitation decrease
is therefore mostly due to a closest agreement in terms of
moisture convergence and circulation changes following
deforestation. This result is confirmed by a Student’s t test
and a Wilcoxon test. That said, even the ‘‘newest’’ studies do
not agree on the sign of the change in moisture convergence,
and both ‘‘oldest’’ and ‘‘newest’’ studies indicate a median
decrease in P-E which is not statistically different.
Overall, these results suggest that improvements in cli-
mate models have reduced the range of biogeophysi-
cal responses to Amazonian deforestation, and thus
indicate that the most extreme estimates (increase of tem-
perature by more than 2:5C or decrease of temperature,
decrease of precipitation by more than 1.5 mm/day or
increase of precipitation) are very unlikely. However, the
sign of the changes in moisture convergence, which induce
some nonlinearity in the precipitation response in our
experiments, still remains uncertain.
4.2 Evolution of the climate impacts with the extent
of deforestation according to RCM experiments
Figure 7 also shows the evolution of the biogeophysical
effect of deforestation as a function of the deforestation
rate in different RCM experiments (black and red dots).
The results reported in the left part of each graph (left in
white) were obtained in response to percentages of defor-
estation lower or equal to the estimate of the A2 scenario
for 2100 used in this study, and therefore represent changes
which could occur during the twenty-first century.
Our results and those from Correia et al. (2008) agree
that the biogeophysical effects of Amazonian deforestation
would induce an increase in annual mean surface temper-
ature on average over Amazonia. This warming is limited
to 0:6C during the twenty-first century, and to 0:8C in
case of total deforestation. Yet, Correia et al. (2008) found
that the increase of surface temperature with the extent of
deforestation departs from the linear behaviour observed in
our simulations (Fig. 7a).
We report three RCM studies which give estimates of
changes in precipitation following deforestation, including
ours. They agree on the fact that deforestation would not
entail an increase in mean precipitation over Amazonia.
They suggest a decrease in mean rainfall ranging from 0 to
0.85 mm/day by 2100, and from 0.2 to 1.3 mm/day in
response to total deforestation ( 5–10 %, excluding
Correia et al. (2008) where relative changes were not
available, see also Fig. S2 of the Online Resource). The
shape of the evolution of mean precipitation with the extent
of deforestation is model-dependent (Fig. 7b): It curbs in
our simulations, it is linear in Correia et al. (2008), while it
remains rather insensitive until the threshold of 55 % is
reached in Walker et al. (2009), after which it declines
more quickly. Contrary to our simulations, Correia et al.
(2008) find a decrease in moisture convergence following
deforestation, but this response exhibits a nonlinear
behaviour as well (Fig. 7d).
Note, however, that the already mentioned tipping point
might be more likely to occur in the context of enhanced
greenhouse gas forcing (Malhi et al. 2008; Cox et al. 2004),
for which some (but not all) GCMs project an increase of
drought conditions in the Amazon (e.g. Seneviratne et al.
2012; Orlowsky and Seneviratne 2012, 2013). Besides, the
global warming signal, not considered in these studies, will
likely dominate the changes in surface temperature over the
Amazonian basin during the twenty-first century (Costa
and Foley 2000). Furthermore, the limited number of RCM
experiments reported here prevents us from drawing clear
conclusions at this stage. Together with the possibly
lacking representation of large-scale circulation feedbacks
in RCMs, this highlights the need for a comparison of the
large available number of GCM studies to better assess
uncertainties about the climate response to deforestation, as
presented in Sect. 4.1.
4.3 Impacts of missing large-scale feedbacks in RCMs
on their estimation of the climate response
to deforestation
The three RCM experiments of total deforestation
(including ours) reported in Fig. 7b simulate decreases in
rainfall over Amazonia. Compared to GCM estimates,
these decreases are approximately equal to the 25th and
75th percentiles of the range of GCM studies. When seen in
terms of relative changes, our RCM experiment and that of
Moore et al. (2007) (values were not available for Correia
et al. 2008) are even closer to the median of GCM studies
(Fig. S2 of the Online Resource). Although RCMs and
GCMs differ in terms of their representation of large-scale
atmospheric feedbacks, which might lead to differences in
the simulated sensitivity to deforestation, this analysis does
not support the hypothesis of a systematically different
sensitivity to Amazonian deforestation in RCM studies
compared to GCM studies because (1) existing RCM
estimates lie within the range of GCM estimates and (2)
there is still too few RCM studies available to statistically
identify systematic differences between RCM and GCM
estimates. This contradicts the earlier suggestion by
Medvigy et al (2011) who noted, based on a smaller
number of RCM and GCM studies, that RCMs generally
Future evolution of regional surface fluxes, circulation, surface temperature and precipitation 2781
123
simulate a smaller response of precipitation to deforesta-
tion compared to GCMs. We note however that a direct
comparison between a GCM and a RCM including the
same physical parameterisations would be necessary to
strictly disentangle the possible role of missing large-scale
feedbacks in RCMs.
As for oceanic feedbacks, only six from the 23 reported
GCM studies implemented an ocean mixed layer. They
simulated a median decrease in rainfall almost twice higher
(1.36 mm/day) than the median of all GCM studies, but a
twice-lower median surface warming ðþ0:6 CÞ. In par-
ticular, Nobre et al. (2009) ran simulations both with and
without an interactive ocean, and found a 60 % higher
rainfall reduction in the first configuration than in the
second one. However, with the same protocol but a dif-
ferent model Voldoire and Royer (2005) found similar
results with both configurations, which shows that the
importance of oceanic feedbacks remains very uncertain.
Still, the inability to take these feedbacks into account
constitutes a limitation of RCMs.
4.4 Regional variations in the impact of deforestation
on rainfall within the Amazonian basin
We already mentioned that, similarly to our experiments,
Ramos da Silva et al. (2008) found that changes in
precipitation induced by deforestation are not monotonic
over Amazonia, but rather follow a dipole pattern closely
linked to the response of surface energy fluxes. This
pattern is reinforced for higher percentages of deforesta-
tion, but may be partly due to the prescribed atmospheric
boundary conditions. In Tables 3 and 4, we make an
inventory of other modelling studies that found such a
pattern in the response of rainfall to deforestation—in a
qualitative way—and precise its orientation. We estimate
that a bimodal pattern is simulated in 12 of the 23
experiments for which maps of the deforestation-induced
changes in precipitation are shown (including 10 GCM
experiments), while for four studies (including three GCM
ones), its orientation is the same as in our experiments.
This shows that even if we expect precipitation to
decrease on average over Amazonia in response to
deforestation, about half of the studies that provide
information on the spatial pattern of these changes indi-
cate that there should be high geographical variability in
these trends within the Amazonian basin. This is of par-
ticular importance if one wants to study the impacts of
these deforestation-induced changes in precipitation on
local ecosystems. It also highlights the importance of
using mesoscale resolutions and state-of-the-art land sur-
face schemes for that purpose. These are required to finely
represent the forthcoming deforestation pattern and
Table 4 Characteristics of the RCM experiments used for the
comparison in Fig. 7: reference for the studies, percentage of
deforestation in the performed experiment, employed resolution,
simulation domain, simulation time and boundary conditions,
presence of a dipole pattern in the response of rainfall to defores-
tation, and deforestation-induced mean change in surface temperature












12  20 km Amazon basin 5 X 12 monthsc (1997–2001) None na 0d
Moore et al.
(2007)b
100  20 km Amazon basin 5 X 12 monthsc (1997-2001) None na 0:41d
Walker et al.
(2009)b
55  20 km Amazon basin 5 X 12 monthsc (1997-2001) SE/NW na þ0:03d
Correia et al.
(2008)
23  40 km South America 12 months (2000) NE/SW ?0.4 -0.27
Correia et al.
(2008)
100  40 km South America 12 months (2000) None ?0.8 -1.29
This study 33 0:44 South America 24 years (1987-2010) E/W 0.36 -0.11
This study 66 0:44 South America 24 years (1987–2010) E/W 0.61 -0.17
This study 100 0:44 South America 24 years (1987–2010) E/W 0.75 -0.22
If we notice a dipole pattern, we firstly precise over which region of the Amazonian basin there is an increase in rainfall, and then where the
associated decrease is located
a Spin-up time excluded
b Simulation of Moore et al. (2007) and Walker et al. (2009) only differ in terms
of vegetation maps, and are hence considered as only one experiment in Fig. 7
c The different 12-month periods were simulated in different runs
d Values are adapted from the Fig. 3 of Walker et al. (2009)
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resulting climatic changes, as well as the mechanisms
underlying them through a correct description of surface
energy fluxes.
5 Conclusion
Using an RCM coupled to a state-of-the-art land surface
model (COSMO-CLM2), we ran four simulations of
32 years each at a resolution of 50 km over South America.
Each run differed only in terms of the prescribed land cover
maps, in order to investigate the biogeophysical effects of
possible future deforestation on the Amazonian climate. A
control experiment was run using a land-cover map rep-
resentative of present-day vegetation distribution. Two
deforestation experiments were forced by maps reproduc-
ing two scenarios of LULCC of different intensity that may
both occur before the end of the twenty-first century, while
another one considered a totally deforested Amazon. We
find that COSMO-CLM2 shows non-negligible biases, but
its performance over this region is very similar to that of
other state-of-the-art RCMs.
Results show that by year 2100, prescribed LULCC
would induce a surface temperature increase of 0:5 C on
average over the Amazonian region, compared to present
conditions. The warming is higher over areas experiencing
the strongest rates of deforestation, where it can reach
þ2 C at the end of the dry season, because shallow-rooted
grasses cannot take up water in the deep soil water reser-
voirs. The hydrological cycle is also perturbed by these
LULCC. On average over the Amazonian basin, we find an
average decrease in precipitation of 0.17 mm/day. This
diminution in precipitation is highest during the summer
and winter seasons. In our total deforestation simulation,
the LULCC-induced annual mean surface warming reaches
0:8 C, while the decrease in precipitation is as high as 0.22
mm/day. While we find that surface temperature increases
linearly as deforestation progresses, this is not the case for
precipitation, because of the nonlinear response of moisture
convergence into the Amazonian region. Besides, the mean
decrease in precipitation hides the fact that there is a
redistribution in rainfall amounts within the region, with
central and western Amazon getting drier and eastern
Amazon getting wetter. This results from regional varia-
tions in the changes of surface energy and water fluxes,
which lead to a reorganisation of the large-scale
circulation.
We then analysed the results from 28 previously pub-
lished deforestation experiments conducted with a GCM or
an RCM. Overall, the set of studies we looked at suggests
that deforestation within the twenty-first century, inde-
pendently of the effects of greenhouse gas forcing on
climate, will lead to an increase in annual mean surface
temperature by no more than 0:6 C on average over the
Amazonian region, while a median estimate for the
warming following total deforestation is 1:3 C. However,
the estimates for the decrease in average precipitation by
2100 range from 0 to -0.85 mm/day ð  510 %Þ,
whereas a median estimate in case of total deforestation
reaches -0.75 mm/day. In our simulations, we find that the
average changes in surface temperature and precipitation
over the Amazonian region lie within the range of those
obtained by other studies investigating the effects of
comparable scenarios of deforestation. This comparative
analysis also reveals that historical developments in mod-
elling have decreased the uncertainty in the simulated cli-
mate response to total deforestation by GCMs. Hence,
studies using the most recent version of a model generally
simulate changes that are closer to the median of the whole
sample of GCM studies than those using older versions of
the same model. This emphasises the further needs for
model improvements in order to better assess the effects of
LULCC on the climate system. RCMs may fail to fully
capture the large-scale circulation feedbacks induced by
LULCC, but contrary to what has been previously sug-
gested, and even if only a few RCM studies investigating
the effect of total deforestation have been conducted, the
reported RCM experiments do not systematically show a
lower sensitivity to Amazonian deforestation than GCM
studies. However, this might have been the case if all GCM
experiments had accounted for oceanic feedbacks, which
were shown to amplify the response to deforestation in
some studies, but cannot be taken into account in an RCM.
The dipole pattern in the precipitation response to
deforestation was already obtained in previous studies,
emphasising that deforestation will likely entail regional
differences in the trends in rainfall within the Amazonian
basin. The shape of the evolution of precipitation with
deforestation is model-dependent, but only one out of three
studies suggests that a tipping point after which mean
rainfall amounts would nonlinearly decline will be reached,
though with limited impacts. It is important to note that
these estimates do not consider concomitant effects of
enhanced greenhouse gas forcing, nor possible interactions
and amplifications between greenhouse-gas and deforesta-
tion-induced effects. Besides, the large-scale feedbacks
following deforestation may be incompletely represented
in these RCM studies. Nonetheless, although this needs to
be confirmed by further model simulations, our RCM
experiments as well as the conducted survey of the litera-
ture suggest that recent climate models simulate a more
consistent biogeophysical response to Amazonian defor-
estation than earlier climate models, and that extreme
scenarios related to the presence of tipping points from
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biogeophysical effects alone in the absence of greenhouse
gas forcing are rather unlikely.
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